1. Introduction
===============

*Mycoplasma pneumoniae* (*M. pneumoniae*) is a type of microorganism that attaches to ciliated epithelial cells and destroys them in respiratory mucosa. It is a major cause of respiratory infections in humans of all ages worldwide, and is considered to be responsible for up to 40% of all community-acquired pneumonia (CAP) in children aged 5 to 14 years.^\[[@R1],[@R2]\]^*M. pneumoniae* infections occur both endemically and epidemically worldwide, with epidemic peaks every 4 to 7 years.^\[[@R3]--[@R5]\]^ In 2011, an epidemic of *Mycoplasma pneumoniae* pneumonia (MPP) was reported by several countries in Europe and Asia. In 2013, 2 typical outbreaks of *M. pneumoniae* infection were reported in children and adults in western Russia.^\[[@R6]\]^ The pneumonia caused by *M. pneumoniae* is often serious and can consume significant resources, and even result in great economic losses and social consequences. In recent years, more and more researches have been performed to approach the etiological factors of MPP all over the world.

Clinically, MPP exhibits an enormous variety in the severity of manifestation, from subclinical infection to septic shock. In addition, *M. pneumonia* has been reported to induce not only atypical pneumonia, CAP, but also extra-pulmonary manifestations, such as autoimmune hemolytic anemia, pericarditis, myocarditis, nephritis, and meningitis with complicated pathogenesis that remains to be fully elucidated.^\[[@R7]--[@R9]\]^ A better understanding of what determines individual immune responses to *M. pneumoniae* is therefore crucial.

It has been known that different pathogens, as well as variable virulence in different strains of a pathogen/or more pathogens are the most vital factors, while host genetic factors may affect the development and progression of many infectious diseases.^\[[@R10]\]^ Genetic polymorphisms appear to be important in explaining variation in immune response to *M. pneumoniae*, and specific genes might influence susceptibility to *M. pneumoniae*. It is considered that genetic factors play an important role in the susceptibility to *M. pneumoniae* and severity of MPP.^\[[@R11]\]^ The relationship between genetic polymorphisms and *M. pneumoniae* infections has increasingly drawn public attention.

In this study, we investigated the association between genetic polymorphisms loci of 5 functional genes and the risks of MPP for all samples from the subjects of cases and controls, including *ACE* (rs4340), *GSTM1* (Ins/del), *IL-6* (rs1800795), *NOS3* (rs1799983), and *CYP1A1* (rs2606345), as well as the gene--gene interactions using the Multifactor Dimensionality Reduction (MDR), and cumulative genetic risk score approaches. The selection of the genes was based on the association with physiological and pathological processes probably involved in MPP, particularly in the immune and inflammatory response.

2. Methods
==========

2.1. Subjects
-------------

The work was approved by Ethics Committee of Qilu Children\'s Hospital of Shandong University. Informed written consent was obtained from the guardians of the patients. The patients' information was anonymized before submission. All the procedures performed in the study were in accordance with the Declaration of Helsinki.

A total of 415 hospitalized children (225 boys and 190 girls, mean age 5.13 ± 2.81 years) with MPP at Qilu Children\'s Hospital of Shandong University (Jinan, China) were enrolled into the study as a case group from October 2014 to March 2016. The control group consisted of 300 healthy children matched for age and gender without history of infection (154 boys and 146 girls, mean age 5.02 ± 1.63 years). All of the patients and controls were Chinese.

The children with MPP were diagnosed by experienced professionals based on criteria referenced in "Zhu Futang Practice of Pediatrics, 8^th^ Edition."^\[[@R12]\]^ The diagnostic criteria of *M. pneumoniae* infection are as follows: positive MP-IgM antibody (the mean titer ≥1:160 for acute stage) in serum and positive MP-DNA in nasopharyngeal aspirate (NPA) and/or bronchoalveolar lavage fluid (BALF).

Exclusion criteria included (1) metabolic diseases such as diabetes, hypothyroidism, and primary aldosteronism; (2) benign or malignant tumors; (3) autoimmune diseases.

2.2. Genotyping
---------------

Genomic DNA was obtained from peripheral blood using the TIANamp blood DNA kit (Tiangen Biotech, Beijing, China), according to the manufacturer\'s instructions. Primers were designed with an online primer design tool of Primer 3, and synthesized by Invitrogen Company (Shanghai, China). The polymorphism loci of ACE rs4340, GSTM1 (Ins/del), IL-6 rs1800795, NOS3 rs1799983, and CYP1A1 rs2606345 were detected by polymerase chain reaction (PCR)-sequencing as described before.^\[[@R13]\]^ The information of primers and PCR conditions are summarized in Table [1](#T1){ref-type="table"}. Allele-specific DNA products were obtained by amplification of 2-pair primers (out of 4 primers), and then sequenced on Genetic Analyzer (ABI 3730 DNA Analyzer; Applied Biosystems, Foster City, CA).

###### 

Summary of primer sequences, amplicons, and PCR cycling conditions for 5 SNPs analyzed in the study.
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2.3. Statistical analysis
-------------------------

Statistical analysis was performed using SPSS software (version 22.0; IBM Corp. Armonk, NY). Chi-square test was utilized to assess statistical significance for genotype frequencies of the 5 single nucleotide polymorphisms (SNPs) between 2 groups and deviation from Hardy--Weinberg equilibrium (HWE). The odds ratios (ORs) and 95% confidence intervals (CIs) were used as a measure of the association between genotype frequencies and MPP occurrence, after adjusting for age and gender by logistic regression analysis. Statistical significance was accepted at *P* \< .05.

SHEis software (from <http://analysis.bio-x.cn/SHEsisMain.htm>) was used to estimate the haplotype (or allele combination) effects by maximizing the likelihood (from the observed data) that properly accounts for phase uncertainty and study design.

To observe gene--gene interaction, the MDR analysis was performed as described previously.^\[[@R14]\]^ Interaction analyses were performed in the open-source MDR software package (version 2.0). Statistical significance was determined using permutation testing in MDRpt (version 1.0_beta_2), and the interaction models were significant showing *P* \< .05. The combination frequencies of genetic polymorphisms in the MPP patients (n = 415) were analyzed using the SAS software (version 9.1.3 portable; SAS Institute).

3. Results
==========

3.1. Genotyping results
-----------------------

Genotype frequencies of ACE rs4340, NOS3 rs1799983, IL-6 rs1800795 and GSTM1 (Ins/del), and CYP1A1 rs2606345 between 2 groups are summarized in Table [2](#T2){ref-type="table"}. Three genotypes (wild type, heterozygous type, and homozygous type) were found for ACE rs4340, NOS3 rs1799983, and CYP1A1 rs2606345 in the cohort, while only wild-type and heterozygous type were detected for IL-6 rs1800795 and GSTM1 (Ins/del) without homozygous type.

###### 

Genotype frequencies of SNPs between cases and controls.
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3.2. Genotype and allele frequency distribution
-----------------------------------------------

We analyzed the genotype distributions of all studied variations in the control group, and found all the genotype distributions were consistent with HWE (Table [2](#T2){ref-type="table"}). Allele and genotype frequency distributions of the 5 genes in cases and controls are summarized in Table [2](#T2){ref-type="table"}. The frequencies of genotype were 35.91% (D/D), 54.22% (I/D), and 9.87% (I/I) for ACE rs4340; 78.31% (G/G), 16.14% (G/T), and 5.54% (T/T) for NOS3 rs1799983; 89.16% (T/T), 10.12% (T/G), and 0.72% (G/G) for CYP1A1 rs2606345. Only 2 genotypes were found for IL-6 rs1800795 and GSTM1 (Ins/del). The genotype frequencies were 94.22% (G/G) and 5.78% (G/C) for IL-6 rs1800795; 42.41% (D/D) and 57.59% (I/∗) for GSTM1 (Ins/del).

The statistical significances were found in the genotypes distributions of ACE rs4340 (42.67% vs 54.22%, OR = 1.81, 95% CI: 1.31--2.48, *P* \< .001), IL-6 rs1800795 (1.33% vs 5.78%, OR = 4.54, 95% CI: 1.56--13.23, *P* = .003) as well as allele distribution of ACE rs4340 I (OR = 1.32, 95% CI: 1.06--1.65, *P* = .014)/NOS3 rs1799983 T (OR = 6.53, 95% CI: 1.95--21.87, *P* = .001)/IL-6 rs1800795 C (OR = 4.44, 95% CI: 1.53--12.86, *P* = .003) between the case and control groups (Table [2](#T2){ref-type="table"}), indicating that ACE rs4340 I/D, IL-6 rs1800795 G/C, and NOS3 rs1799983 G/T were associated with increased risks of MPP, although no significant differences in genotype or allele frequencies were found for GSTM1 (Ins/del) and CYP1A1 rs2606345 G/T between the 2 groups (Table [2](#T2){ref-type="table"}).

3.3. Gene--gene interaction analysis
------------------------------------

We constructed possible allele combinations of ACE rs4340, GSTM1 (Ins/del), IL-6 rs1800795, NOS3 rs1799983, and CYP1A1 rs2606345 to analyze gene--gene interactions (Table [3](#T3){ref-type="table"}). A 3-fold increased risk was identified in the combinations of ACE rs4340D/NOS3 rs1799983T/CYP1A1 rs2606345G (OR = 3.076, 95% CI: 1.798--5.262, *P* = 1.79e-005), and ACE rs4340D/NOS3 rs1799983T (OR = 3.444, 95% CI: 2.014--5.888, *P* = 1.86e-006), when MPP cases were compared with the controls.

###### 

Allele combinations of ACE, GSTM, IL6, NOS, and CYP polymorphisms with synergistic effects by MDR method.
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MDR analysis was used to reveal the SNP--SNP interactions in this cohort of individuals. As a result, ACE rs4340, NOS3 rs1799983 were also selected as the most potent interaction in the risks of MPP by MDR methods (CV consistency = 9/10). The combination frequencies of ACE rs4340 and NOS3 rs11799983 genetic polymorphisms in the MPP patients (n = 415) were analyzed and showed significant difference between the cases and the controls (OR = 3.316, 95% CI: 1.879--5.851).

4. Discussion
=============

In this study, we investigated whether the ACE rs4340I/D, GSTM1 (Ins/del), IL-6 rs1800795G/C, CYP1A1 rs2606345T/G, and NOS3 rs1799983G/T polymorphisms were associated with the risks of MPP in Chinese children. Our data suggested that ACE rs4340 genotype was related to increased risks of MPP, which is consistent with the findings of Salnikova et al.^\[[@R13]\]^

*ACE* gene, encoding human angiotensin-converting enzyme, located on chromosome 17q23 spans over 24 kb in length and contains 26 exons. A meta-analysis revealed a causal association between ACE rs4340 polymorphism at 16th intron and pneumonia risk. The ACE rs4340 SNP could suppress cough reflex by decreasing bradykinin and substance P levels, while increasing the probability of developing pneumonia.^\[[@R15]\]^ The plasma ACE levels were partly regulated by I/D polymorphism of *ACE* gene in human, with DD homozygotes having roughly twice levels than II homozygotes.^\[[@R16]\]^ However, previous epidemiological studies reported different conclusions regarding the role of rs4340 SNP and pneumonia predisposition. Caldeira et al^\[[@R17]\]^ did a systematically longitudinal study to access the association of ACE inhibitors and risk of pneumonia. They found ACE inhibitors not only played a protected role in risk of pneumonia but were also associated with reduced mortality related to pneumonia. Li et al^\[[@R18]\]^ performed a meta-analysis of ACE I/D polymorphism in ACE inhibitor related cough and discovered that ACE I/D polymorphism was a genetic, age-dependent risk factor for ACE inhibitor related cough. A study of Russian population indicated that the ACE DD genotype was related to the increased risk of CAP and nosocomial pneumonia (NP),^\[[@R13]\]^ while Van de Garde reported that the ACE I/D polymorphism had no effect on the susceptibility and outcome of pneumonia in the Dutch white population.^\[[@R19]\]^ In this study, we detected the protective factor of ACE insertion in MPP-control study. Given that ID heterozygous has a higher risk than the carriers of DD and II genotypes, the ACE I/D polymorphism can also predispose to MPP. Our result indicated the marked ethnic differences between polymorphisms of the *ACE* gene with the higher prevalence of the DD genotype in Chinese children than that of Russian population.^\[[@R13]\]^

Although no differences were found for GT genotype of NOS3 rs1799983 between patients and controls, the prevalence of TT genotype was significantly higher in the cases than in the controls (Table [2](#T2){ref-type="table"}). Nitric oxide (NO) is an important mediator in regulation cardiovascular homeostasis. NO is synthesized from L-arginine and oxygen by 4 major isoforms of NO synthase (NOS): neuronal NOS, endothelial NOS (eNOS), inducible NOS, and mitochondrial NOS. There are 3 NOS genes (*NOS1*, *NOS2*, and *NOS3*) in human and the *NOS3* gene has been considered to play a more important role than others for respiratory problems because human airway epithelial cells express only NOS3. However, to date, there is limited research on the relationship between NOS3 polymorphisms and lung function in humans, and the results were inconsistent.^\[[@R20],[@R21]\]^ The *NOS3* gene, located at 7q35 to 7q36 region of chromosome 7 in humans, encodes NOS3 and a number of genetic variations have been observed. However, to date, there is little information on the relationship between NOS3 polymorphisms and lung function in humans and the available results are inconsistent.^\[[@R22]\]^

Several studies demonstrated that some NOS3 polymorphisms had functional effects on NO formation and were associated with a wide range of disease susceptibility and drug responses.^\[[@R23],[@R24]\]^ The G894T polymorphism (rs1799983), which is located in exon 7 of the gene resulting in the amino acid change (Glu298Asp), had been reported to be associated with reduced basal NO production.^\[[@R25]\]^ The variant Asp allele for Glu298Asp polymorphism reduces NOS3 transcriptional activity and NO production in the endothelial cells.^\[[@R26]\]^

In our study, we found that the interleukin-6 (IL-6) genotypes were significantly associated with MPP. Children carrying IL-6 rs1800795 genotypes G/C were susceptible to MPP. IL-6 is a pleiotropic cytokine involved in many physiological and pathological processes, particularly in the inflammatory response.^\[[@R27]\]^ Conflicting results have been reported about the function of IL-6 genetic variability, especially the IL-6 rs1800795 G/C SNP. Martín-Loeches et al^\[[@R28]\]^ studied the genetic variability of IL-6 in white Spanish patients with CAP and pneumococcal CAP (P-CAP). The results of this study were that IL-6 rs1800795 G allele played an important protective role against the severity and outcome of P-CAP. By contrast, no effect on severity was observed in 2 other studies in critically ill patients with sepsis.^\[[@R29]\]^

Our results confirmed that the frequency of IL-6 rs1800795 G/C heterozygous was significantly higher in patients with MPP than in healthy controls. The IL-6 rs1800795 G/C polymorphism carriers had a higher susceptibility to MPP (OR 4.54, 95% CI: 1.56--13.231, *P* = .0025). Interestingly, only wild type and heterozygous of IL-6 rs1800795 were found in the cohort, and the distribution of IL-6 genotype differed from other populations. Molecular heterosis might be a reason, as it is rather common in humans.^\[[@R30]\]^

In order to evaluate the diagnostic prediction of MPP mediator genes polymorphisms, the risk polymorphisms of ACE rs4340 and NOS3 rs11799983 were combined and analyzed using SAS software, and the combination frequencies were found significant differences between the cases and the controls (OR = 3.316, 95% CI: 1.879--5.851). So, a new OR combining ACE rs4340 and NOS3 rs11799983 genetic risk factors was generated, which could detect the patients with the greatest risk of suffering a future MPP. Future studies are necessary to verify the observed associations.

Ethnic background is known to influence polymorphism frequencies and their effects on the disease. In this study, the GSTM1 (Ins/del) and CYP1A1 rs2606345T/G polymorphisms were not associated with risks of MPP in the Chinese children, which was different from the report in Russian population.^\[[@R13]\]^

In conclusion, our data demonstrated that 3 SNPs of ACE rs4340, IL-6 rs1800795, and NOS3 rs1799983 were significantly associated with the risks of MPP; moreover, the combinations of ACE rs4340D/ NOS3 rs1799983T/ CYP1A1 rs2606345G and ACE rs4340D/ NOS3 rs1799983T contribute to the genetic susceptibility of MPP in Chinese children. However, we only investigated 5 genes' SNPs for the risks of MPP with limited samples. Further investigation will be needed for the relation between SNPs and MPP.
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